Schwartz MK, Lieske JC, Hunter LW, Miller VM. Systemic injection of planktonic forms of mammalian-derived nanoparticles alters arterial response to injury in rabbits.
CALCIFICATION OF HUMAN ARTERIAL tissue is a common occurrence, increases with age, and is a strong predictor of cardiovascular and all-cause mortality (12, 17) . Atherosclerosis is considered an inflammatory disease (36) . However, the mechanisms or stimuli provoking the inflammation are incompletely understood. Circulating levels of low-density lipoproteins (LDL) and subsequent increases in lipid peroxidation leading to endothelial dysfunction appear to be precipitating events in some patient populations (26) . Conversely, in other groups, significant coronary calcification is present even when circulating levels of cholesterol and LDL are below that which would warrant pharmacological interventions (19, 25, 27) . A chronic burden of subclinical infection may stimulate inflammation, leading to cardiovascular disease in some individuals (3, 14, 30, 32) .
Nano-sized particles (0.08 -0.5 m) with a carbonate or hydroxyapatite (HA) shell have been isolated from a variety of mammalian tissues including blood (20, 28, 34) , calcified arteries (29) , calcified aortic valves (6) , kidney stones (8, 24) , gall stones (46) , ovarian cancer (41) , and prostate stones (43) . Associations of nanoparticles (NPs) with calcified soft tissue suggest that they participate in these disease processes. NPs isolated from human kidney stones and calcified arteries increase in density when placed in standard cell culture conditions; their rate of increase is reduced by inhibitors of oxidative metabolism and some antibiotics (5, 9, 24) . In culture, NPs exist both as adherent biofilm that develops on the surface of the culture flasks (10) and as nonattached, floating particles, i.e., a "planktonic" form (2, 11) . NPs isolated from human calcified tissues take up radiolabeled uridine and phosphate and stain for nucleic acids when placed in culture media (29) , whereas NPs of bovine origin are proposed to be calciumfetuin complexes (34) .
Suspensions prepared from an established, calcified biofilm of human-derived NPs increased intimal hyperplasia and arterial calcification at sites of arterial endothelial denudation when injected intravenously into adult rabbits (40) . The question arises whether other forms of NPs and NPs from other sources can also act as possible transmissible agents that provoke pathophysiological responses. Therefore, the present study was designed to evaluate the pathogenicity of standardized suspensions of planktonic forms of NPs derived from human calcified arteries and bovine blood. It was hypothesized that planktonic forms of human-and bovine-derived NPs are transmissible, disease-causing agents and, because of proposed differences in their composition, would differ in their capacity to exacerbate arterial responses to injury.
METHODS

NP Propagation and Collection
Self-propagating, self-calcifying NPs derived from human calcified aortic aneurysms (29) and from fetal bovine serum (bovine-derived NPs; Nanobac) (20) were used in this study. Human-derived NPs were isolated from the surgical waste of patients who gave informed consent at the Mayo Clinic in compliance with an approved Institutional Review Board protocol and consistent with the Helsinki Declaration. Tissue was processed as described previously (29) .
Human-derived NPs were seeded into standard tissue culture flasks containing Dulbecco's modified Eagle's medium (DMEM 10-013, Mediatech, Manassas, VA) supplemented with 10% ␥-irradiated fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 50 M ␤-mercaptoethanol (Sigma Chemical, St. Louis, MO), and 3.6 mM CaCl 2 (Sigma). In this medium, NPs exist in a floating or planktonic form before adhering to the surface of the culture flasks and forming visible domes encrusted with HA. These cultures are screened randomly and periodically for common environmental bacterial contamination, and any contaminated cultures are promptly discarded. To standardize the inoculums, culture media containing the planktonic forms of human-derived NPs were collected 3 wk after flask seeding and centrifuged (20,000 g, 20 min, 4°C). The supernatant was dis-carded and the pellets were washed with phosphate-buffered saline. The washed pellets from several flasks were combined. After two additional centrifugations (20,000 g, 20 min, 4°C), the resulting pellet was suspended in sterile saline (0.9% NaCl) with the volume adjusted to obtain a standard turbidity of 1,000 nephelometric turbidity units (NTU; Hach 2100N Turbidimeter, Loveland, CO). Stock solutions of bovine-derived NPs were diluted in sterile saline to a turbidity of 1,000 NTU. This method of preparation resulted in a solution containing individual and clumped NPs (Fig. 1) . Inorganic HA crystals [1 g; 3Ca 3(PO4) 2 . Ca(OH)2; Sigma] were seeded into flasks with the same media used for human-derived NPs, incubated for 3 wk, and harvested in the same manner as NPs. A separate group of animals was inoculated with inorganic HA crystals never exposed to media or sera.
Animals and Surgery
All protocols were approved by the Institutional Animal Care and Use Committee of the Mayo Clinic, conforming to the Guide for the Care and Use of Laboratory Animals, published by the National Institutes of Health (NIH Publication No. 85-23, Revised 1996). Adult male New Zealand White rabbits (3.7 kg, outbred, multiple suppliers, n ϭ 39) were housed in individual cages (12-h light:12-h dark cycle, LabDiet hi-fiber rabbit chow and water ad libitum). NP-exposed animals were housed in a biohazard level 2 safety facility. The endothelium of the left carotid artery of each animal was denuded by balloon injury as previously described (40); the right carotid artery was unoperated. Just before surgery, animals were given penicillin (75,000 units, Pen-Aqueous, Durvet, Blue Springs, MO) intramuscularly as prophylaxis against surgical-associated infection, as this antibiotic does not interfere with the propagation of bovine-derived NPs (9) .
Inoculation
Within 3 h of surgery, while still under anesthesia (35 mg/kg ketamine, 5 mg/kg xylazine, and 1 mg/kg acepromazine; im), animals were injected, via a catheter placed in the marginal ear vein, with 5 ml of one of the following solutions (where n ϭ number of animals/ group): 1) sterile saline only (control; 5 ml, n ϭ 9); 2) LPS (1 g/kg in 5 ml saline; Escherichia coli; ultrapure; Invivogen, San Diego, CA; n ϭ 5)-this group controlled for effects that might be caused by acute subclinical bacterial-associated inflammation; 3) HA crystals (1 g/5 ml saline; n ϭ 5)-as NPs form a HA shell, this group controlled for the response to the inorganic material in the shell of NPs; 4) HA crystals exposed to culture medium (1 g/5 ml saline; n ϭ 4)-this group controlled for responses that might be due to HA forming complexes with proteins in the culture media such as might occur with the HA shell of NPs; 5) bovine-derived NPs (derived from pooled serum; 1 ml of 1,000 NTU followed by 4 ml saline; n ϭ 5); and 6) human-derived NPs (isolated from human aneurysms A2; separate cultures derived from a single stock; 1 ml of 1,000 NTU followed by 4 ml saline; n ϭ 11).
Ultrasound Imaging
In a subgroup of animals, the lumen diameter of the uninjured right and the injured segment of the left carotid arteries were measured on days 0, 7, 14, 21, 28 , and 35 using an ultrasound microimaging system (Vevo 770, Visualsonics, Toronto, Canada) equipped with a 25-MHz linear transducer (model 710B). Under light anesthesia (50 mg/kg ketamine and 10 mg/kg xylazine, im), each animal was placed in dorsal recumbency on a heating pad maintained at 37°C. The dorsal neck of the animal was shaved, and each artery was first located using B-mode, then in M-mode, to visualize the bright vessel walls. Images were recorded for 10 s. The lumen diameter was subsequently determined by averaging three measurements each of the diameter at peak systole and at end diastole.
Tissue Collection
Blood samples (3 ml via ear artery) were collected into tubes containing EDTA immediately before inoculation (day 0) and at days 3, 7, 14, 21, 28 , and 35 after surgery and inoculation. Plasma was stored at Ϫ80°C until analyzed. At postoperative day 35, the animals were anesthetized and both carotid arteries removed and fixed in formalin for subsequent analysis by light microscopy. Two rabbits each from the saline and human-derived NP groups were evaluated visually for vessel patency at the time of tissue harvest, and the tissue was used for purposes other than histology.
Histological Analysis
Both carotid arteries were fixed in formalin and paraffin embedded; 11 5-m sections were serially cut and placed on glass slides. The slides were numbered so that the animal grouping was not known to the investigator at the time of the evaluation. All 11 sections from each artery were evaluated for the presence of an occlusion. Four sections from each artery were randomly selected for staining by hemotoxylin and eosin, elastin van Giesen, rabbit macrophage antibody (IgG1; Dako, Carpiteria, CA), and von Kossa for evaluation of general anatomy, intimal-to-media ratio, macrophage infiltration, and calcification, respectively. The extent of myointimal hyperplasia is presented as the ratio of intima to media areas calculated using KS400 software (Zeiss, Thornwood, NY). Sections were also evaluated to determine whether the internal elastic lamina and media were intact or discontinuous. Arterial occlusion with canalization was determined by ultrasound evaluation before tissue harvest, visual inspection of the artery at the time of dissection, and/or histological confirmation. 
Immunological Analysis
The amount of anti-NP IgG and NP antigen in plasma was measured using Nano-Sero IgG and Nanocapture ELISA kits (Nanobac), respectively, according to the manufacturer's instructions. Samples were coded to blind investigators to the animal group and sorted by group after analysis.
Statistical Analysis
The numbers of animals assigned to each group were based on the rate of arterial occlusion in animals injected with biofilm-derived NPs (40) . As intima-to-media ratios were not normally distributed, the differences among groups were determined using Wilcoxon/Kruskal Wallis tests (JMP software, SAS, Cary, NC). Contingency analyses were performed to determine the significant differences among groups related to outcomes including calcification, occlusion, and disruption of the internal elastic lamina and media layer (JMP software). Statistical significance was accepted at P Յ 0.05.
RESULTS
Animals
Animals remained in good health; none showed signs of anorexia or liver failure (icteric scleras, poor condition of mucous membranes). Animals weighed 3.7 Ϯ 0.1 kg before surgery and 3.9 Ϯ 0.1 kg (mean Ϯ SE; n ϭ 39) at death. There were no significant differences in average weight changes among animals from each group.
Anatomy of Uninjured Arteries
Uninjured carotid arteries from all rabbits were indistinguishable among groups. Each artery was patent ( Table 1 , and Fig. 2) , and the lumen was lined with a single layer of endothelial cells (Fig. 2) . The internal elastic lamina remained intact, and the media was well defined. Leukocytic infiltrates were not observed in any of the uninjured arteries.
Anatomy of Injured Arteries
Control groups. All injured arteries of animals inoculated with either saline, LPS, or HA crystals remained patent even though eccentric intimal hyperplasia was present (Tables 1 and 2 , and Figs. 2 and 3) . The mean intima-to-media ratios in these injured arteries did not differ significantly among these groups and averaged 0.63 Ϯ 0.08 (mean Ϯ SE; Table 1 ). With the exception of one animal injected with saline, the internal elastic laminae remained continuous. None of the injured arteries in animals inoculated with saline, LPS, or HA crystals showed histological evidence of calcification by von Kossa staining (data not shown).
HA crystals exposed to culture medium. All injured carotid arteries of animals in this group remained patent (Tables 1 and  2 , and Fig. 4 ). Arteries were characterized by varying degrees of intimal hyperplasia and disrupted internal elastic laminae. In two animals, it was not possible to measure the intima-tomedia ratio because of the discontinuous internal elastic lamina ( Table 2 , and Fig. 4) . The intima-to-media ratios of the other two animals (0.14 and 0.78) were within the range of that measured in animals injected with saline; none of these arteries exhibited histological evidence of calcification by von Kossa staining ( Table 2) . Bovine-derived NPs. All of the injured carotid arteries of rabbits inoculated with bovine-derived NPs remained patent (Tables 1 and 2 , and Figs. 3 and 4) . The internal elastic lamina and media layer were discontinuous in four of five rabbits (Fig.  4 ). Thus it was not possible to calculate an intima-to-media ratio despite the substantial intimal hyperplasia in these arteries ( Table 2) . None of the injured arteries from this group stained positive for macrophage infiltration or intimal calcification (data not shown).
Human-derived NPs. The response to injury in the arteries of animals injected with the planktonic human-derived NPs was variable (Fig. 4) . In 6 of 11 animals in this group, the injured artery occluded with canalization; no occlusions were observed in any of the other groups (n ϭ 28; P Յ 0.05; Figs. 3 and 4 , and Tables 1 and 2 ). In five animals where the lumen of the injured artery remained patent and the internal elastic lamina intact, the intima-to-media ratio was similar to ratios measured in rabbits of the control groups (Fig. 2, and Table 2 ). Unlike arteries from animals injected with bovine-derived NPs, the internal elastic lamina was intact in the injured arteries of all but two rabbits in this group (1 patent and 1 occluded vessel). Punctate clusters of calcification were detected by von Kossa staining in two of six occluded vessels analyzed by histology; this staining colocalized with positive staining for macrophages ( Table 2 , and Fig. 5 ).
Immunological Identification of NP Antigen and Antibodies
Animals inoculated with saline, LPS, and HA crystals did not produce antibodies detectable with the Nano-Sero IgG ELISA kit. Plasma antibody titers showed similar time-dependent increases in rabbits inoculated with bovine-and humanderived NPs and those injected with HA crystals exposed to culture media. Antibodies were detected as early as 7 days postinoculation, reached a maximum at 14 days, and were sustained throughout the 35 days of the experiment (Fig. 6 ). In contrast, the plasma levels of the NP antigen were at or below the detection limit of the assay in all the groups except the animals inoculated with human-derived NPs, where the titers ranged from 0 to 357.5 U/ml over the 35 days of the study. There was no statistically significant relationship between plasma levels of biological NP antigen and either anti-NP IgG or the degree of intimal hyperplasia.
DISCUSSION
The results of this study demonstrate that a systemic inoculation of naïve animals with the planktonic form of propagated, calcified NPs derived from either human calcified tissue Fig. 4 . Light micrographs of representative sections of injured carotid arteries from rabbits injected with HA crystals exposed to culture medium (top, left), bovine-derived NPs (top, right), and human-derived NPs (bottom). Sections are stained with an elastin van Giesen stain and shown at ϫ5 magnification. All arteries were collected at 35 days postoperatively. Uninjured arteries from all rabbits are indistinguishable from the uninjured artery shown in Fig. 2 . Arrows indicate areas of disrupted internal elastic lamina/ media layer. The uninjured artery from this rabbit is that shown in Fig. 2 . Consecutive sections were stained with an elastin van Giesen stain (left), von Kossa stain (middle), and a macrophage-specific antibody (right). Magnification is ϫ5. Arrows indicate an area that shows positive staining for both calcification and macrophages.
or bovine blood modifies the response to arterial injury. Therefore, these results support the hypothesis that NPs represent potential transmissible pathogenic agents. This study supports and extends previous observations that identified the pathological potential of NPs derived from an established biofilm (40) . Furthermore, the anatomical configuration, including occlusions and calcification, of arteries recovered from animals exposed to planktonic human-derived NPs were different from those of animals exposed to planktonic bovine-derived NPs and other inflammatory agents, suggesting that the origin and/or composition of the NPs affect their biological activity (31) . Since there were not discernable histological differences among the uninjured carotid arteries of all the groups, the vascular effects of NP inoculation were restricted to the areas of endothelial denudation. However, an assessment of inflammatory activation of endothelial cells in uninjured carotid arteries (15) or the effects of NPs in other arterial beds or at the level of the microcirculation remain to be determined.
Changes in vascular anatomy observed in arteries following an intravenous inoculation of NPs demonstrate that NPs circulate throughout the body. Thus it is possible that NPs could be released from one anatomical site to potentiate disease at a distant site within the same individual. Whether or not these biological NPs associate with other blood elements, such as platelets (33) or leukocytes, that would localize to areas of vascular damage remains to be determined.
The anatomical configuration of injured arteries from animals injected with saline, LPS (as a surrogate for gramnegative bacterial infection), or inorganic HA crystals (as a surrogate for nonspecific inflammation related to the HA shells of the NPs) was similar to what is observed in similar models of arterial endothelial denudation (7, 23, 42) and provides a credible comparison with animals exposed to the NPs. Unlike the anatomy of injured arteries from any of the above-mentioned control groups, considerable variation was seen among injured arteries of animals injected with human-derived NPs (6 occluded, and 5 did not). The interanimal variability within this group is not due to an inadequate vascular sampling at the site of the endothelium denudation, since an ultrasound evaluation of the arteries or a visual inspection of patency at the time of tissue harvest both correlated with a subsequent histological evaluation of patency. Indeed, despite the intrinsic biological variability, the rate of occlusion achieved statistical significance, since occlusions were observed only in animals inoculated with human-derived NPs. Some variability in response to vascular injury would be expected in these outbred rabbits from different suppliers, just as there is variable propensity to vascular diseases in humans (14, 19, 25, 32) . Because animals were purchased from different suppliers, their prior exposure to environmental antigens might also have affected their immunological response to a potential pathogen, i.e., planktonic NPs.
Although inoculum dose was strictly standardized to 1,000 NTU per animal, another source of variability could have been the relative virulence of the human-derived NPs used in these studies. To minimize this possibility, all NPs were derived from the same original isolate (29) . However, the development of biofilm can vary among subcultures; this may reflect the heterogenous composition of these NPs compared with the homogeneous composition of NPs derived from bovine blood (4, 10, 34) . Indeed, the term "nanoparticle" defines a size, the biological activity of which will depend on its composition. Particles of this size include the general class of cell-derived microparticles, some of which may be of nano size, and calcifying matrix vesicles (19, 21, 31, 33, 35, 38, 39) . Further studies are needed to define the differences in the biochemical composition of each type/strain of biologically derived NPs. However, fetuin was identified as a component of bovinederived NPs (34) . Fetuin limits soft tissue calcification (37) . Consistent with this function, animals inoculated with bovine NPs and HA crystals incubated with culture medium containing 10% fetal bovine serum lacked calcification but demonstrated a disruption of the internal elastic lamina and medial smooth muscle of the arteries. In contrast, animals inoculated with human-derived NPs manifested a range of responses including vascular calcification, an effect not to be expected from fetuin alone.
Antibodies identified by the Nano-Sero IgG ELISA kit were detectable in all animals inoculated with material that had been exposed to culture media containing 10% fetal bovine serum. The specificity of this test is unclear, and antibodies developed against bovine fetuin or albumin may be detected (34) . Since antibodies were detected in all groups that were inoculated with material exposed to culture media containing fetal calf serum, it is possible that the calcium shell of the humanderived NPs is capable of delivering bovine antigens to sites of injury. However, our studies also suggest that bovine proteins are not solely responsible for the vascular changes, since responses to human-derived NPs can be differentiated histologically from arteries of animals inoculated with either the bovine NPs or HA crystals incubated with culture media. There is a clear need to develop tests that more specifically detect antigens of, and antibodies to, biological NPs of human origin.
Arterial calcification is a multifactor process, and several theories suggest that calcification may proceed from matrix vesicles of apoptotic cells and the induction of osteoblast-like cells with secretions of bone matrix proteins (1, 13, 21, 22) . The results of the present study do not negate these proposed mechanisms, since NPs may provoke the formation of matrix vesicles in tissue damaged from other causes (for example, biochemical oxidative stress or hyperlipidemia) (16, 45) . It remains to be determined whether NPs would also target injuries resulting from environmental pollutants (18, 44) .
In summary, the results of this study identify planktonic forms of nano-sized particles as potential stimuli for exacerbating arterial disease. They also raise the possibility that NPs being developed for industrial and medical purposes, depending on their distinct physical and chemical characteristics (31) , could participate in some cardiovascular pathologies.
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